Rechargeable lithium-ion battery (LIB) cathodes consist of transition metal oxide material, which reversibly (de)intercalates lithium at a high potential difference versus a carbon anode. Manganese oxide cathode material offers lower cost and toxicity than the normally used cobalt. However, LiMn 2 O 4 suffers from capacity fading, Mn dissolution at high temperatures, and poor high rate capability. Its ultimate performance, however, depends on the morphology and electrochemical properties. In this work, Au alloyed with Fe, Pd, and Pt, respectively, was synthesized and used to improve the microstructure and catalytic activities by functionalizing LiMn 2 O 4 via a coprecipitation calcination method. The pristine LiMn 2 O 4 and modified materials were examined using a combination of spectroscopic and microscopic techniques along with in-detail galvanostatic chargedischarge tests. Microscopic results revealed that the modified composite cathode materials had high phase purity, highly crystallized particles, and more regular morphological structures with narrow size distributions. Galvanostatic chargedischarge testing indicated that the initial discharge capacities of LiM x Mn 2-x O 4 at 0.1 C for M 0.02 =PtAu, FeAu, and PdAu were 147, 155.5, and 160.2 mAh g −1 , respectively. The enhancement of the capacity retention and higher electrode coulombic efficiency of the modified materials were significant, especially at high C rate. At enlarged cycling potential ranges, the Li(M) 0.02 Mn 1.98 O 4 samples delivered relevant discharge capacities (70, 80, and 90 mAh g ).
Introduction
Among various energy storage technologies, rechargeable lithium-ion batteries (LIBs) are considered as an effective and reliable solution to the increasing demand for high-energy density power sources. The high specific energy and power available from LIBs and the prospect to charge and discharge them hundreds of times are the reason for their key importance in electronic portable devices and future development of hybrid vehicles.
When a battery is charged or discharged, the redox reactions change the molecular or crystalline structure of the electrode materials, which often affects their stability, and hence require frequent replacement after several charge-discharge cycles. LIBs weigh less, take less space for a given energy delivery, and offer higher-energy densities than established Ni-Cd and Ni-MH batteries [1] . However, to acquire an established role in the commercial sector, LIBs require improved power density (W/kg), which depends primarily on the performance of the active materials. Li + cells operate by a mechanism whereby Li + shuttle between two host electrodes, commonly referred to as "insertion electrodes". An insertion compound has two specific properties: the guest ions, Li + , are mobile between sites in the host network and can be removed from or added to the transition metal oxides host network, thus varying the guest ion concentration [2] . This process is known as intercalation and deintercalation of electrons, occurring at the insertion compound. For transition metal oxides or other chalcogenides, Li + occupy sites surrounded by oxygen or chalcogen ions. The sites available are determined by the host structure.
The theoretical capacity, denoted Q, of the host material can be calculated from Faraday's first law of electrochemistry, which states that 1 gram equivalent weight of a material will deliver 96,487 C (or 26.8 Ah). For LiMn 2 O 4 , the equivalent weight (M) is 180.8 g/mol, having a theoretical capacity of 26.8/180.8=148 mAh g -1 .
In LIB, the anode is well optimized and little improvements can be gained in terms of design changes. The cathode, however, shows promise for further enhancements, i.e., improved capacity and stability. Therefore, most research studies are focused on further development of the cathode active materials.
Cathode materials are typically oxides of transition metals, which can undergo oxidation to higher valences when lithium is removed. Among numerous transition metal oxides, LiMn 2 O 4 has emerged as one of the promising candidates because of its 3D Li + diffusion, low cost, abundance, nontoxicity, Mn 3+/4+ redox couple, and excellent rate capability. LiMn 2 O 4, however, suffers from low conductivity and capacity fading during cycling. LiMn 2 O 4 adopts a (3D) structure described as a cubic close packing (ccp) of oxygen atoms with Mn occupying half of the octahedral and Li occupying an eighth of the tetrahedral sites referring to the 16d and 8a sites ( [Li] (Figure 1a) . The LiMn 2 O 4 morphology corresponds to that of a single crystal with a cubic structure (Figure 1b) . The scanning confocal electron microscopy (SCEM) image (Figure 1c ) exhibiting a negative feedback mode verifies the insulating nature of LiMn 2 O 4 . This alternately hinders the diffusion of the mediator to the electrode [3] and contributes to the poor electrochemical performance of the cathode. LiMn 2 O 4 with its poor stability and high rate performance cannot satisfy high-power applications. The reason for this may due to HF generated during cycling when using LiPF 6 -based electrolyte, which is responsible for the dissolution of manganese. In addition, Mn 3+ is considered to be the main source of the dissolution of manganese via Hunter's reaction [5] To solve partially or completely the capacity fading problems, coating the surface of LiMn 2 O 4 is the easiest functionalization route and offers a suitable approach to avoid the dissolution of Mn 2+ [7] . Many research studies have confirmed the importance of the structural surface features of cathode materials for their electrochemical performance. It is claimed that, when the surface of cathode materials is coated with oxides and other catalytically active materials, the coatings prevent direct contact with the electrolyte solution, suppress phase transition, improve the structural stability, and decrease the disorder of cations in crystal sites. As a result, side reactions and heat generation during cycling are minimal.
The aim of this study is synthesis and characterization of novel transition metal alloy surfacemodified spinel LiMn 2 O 4 nanocathode materials with high rate discharge capabilities. The coating material consists of Au alloyed with Fe, Pt, and Pd nanoparticles, respectively. The components were selected based on their ability to provide high electronic conductivity where needed and their potential to act as a chemical catalyst for electrochemical reactions at the nanoscale [8] . These alloys are relatively less studied when compared to other transition metal alloys commonly used to form network structures with LiMn 2 O 4 . The modified cathode allows the consumption of smaller amounts of expensive metals, boosting both the catalytic and economic appeals. Moreover, the synergy within the novel composite cathode materials can provide a better connecting network for electron diffusion due to a shortened transportation path [9] and enhanced phase transition kinetics of Li + ion intercalation/deintercalation, which may be ascribed to the nanoscale structure [10] . Emerging applications have therefore steered Li + electrode materials in the direction of nanomaterials [11] . The effect of surface functionalization on the conductivity, stability, and high rate performances [12] of LiMn 2 O 4 was probed by spectroscopic and microscopic techniques along with galvanostatic charge-discharge analyses.
Significance of nanocatalysis
Nanocatalysis is when nanoparticles are used to catalyze chemical reactions and allow for rapid and selective chemical transformations. Nanomaterials can increase the efficiency of the energy storage and conversion processes as well as device design and performance. The application of bimetallic nanoparticles as catalysts is one of the most active areas of nanoscience [13] . Bimetallic nanoparticles are the combination of two metals in the nanometer range. They can be classified into four types of mixing patterns: core-shell nanoparticles, subcluster nanoparticles, mixed nanoparticles, and multishell nanoparticles [14] . The combination of the two different metals gives rise to an enhancement of specific properties. These properties may be different to those of pure elemental particles and can include unique size-dependent optical, electronic, and catalytic effects [15] . Bimetallic nanocatalysts provide a way to use smaller amounts of an expensive catalyst material, by using a less expensive metal for the core material. For transition metal nanoparticles, the decrease in size to the nanometer length scale increases the surface-to-volume ratio. This, together with the ability to make them in different sizes and shapes, makes them potentially useful in the field of catalysis [16] . It has been proven that the most favorable size for platinum-based electrocatalysis is in the range of 2 to 4 nm [17] . Bimetallic nanoparticles have been proven successful in enhancing the selectivity and rates of many targeted reactions. For example, the hydrogenation rate of simple olefins is increased in the presence of palladium catalysts containing 20% gold when compared to monometallic palladium catalysis [18] . In this study, we investigate how chemically depositing Au-Fe, AuPd, and Au-Pt can enhance the conductivity and cyclability of LiMn2O4.
Experimental method
Pristine spinel-LiMn 2 O 4 cathode was prepared following a coprecipitation method [19] . Stoichiometric amounts of LiOH and (MnAc 2 .4H 2 O) with a cationic ratio of Li/Mn=1:2 were dissolved in deionized water and thoroughly mixed. This was followed by evaporation at 100ºC for 10 h. The precursor was further preheated at 400ºC for 1 h and then calcined at 800ºC for 20 h in air to form LiMn 2 O 4 . Subsequently, a multiple-phase emulsion-assisted approach was used to prepare Au-Fe, Au-Pd, and Au-Pt bimetallic nanoparticles with narrow size distributions. This process uses metallic acetates as the metal precursors. For functionalization of LiMn 2 O 4 , the nanoalloy was added to deionized water and allowed to dissolve completely. The crystalline LiMn 2 O 4 was added to the alloy solution and heated until the solvent evaporates. This was then followed by calcination at 550ºC for 10 h in air. Hereby, the impurities were removed and Mn 3+ concentration prone to disproportion was reduced and a composite of Li(M) x M 2-x O 4 (x=0.02) was constructed.
Battery assembly
The tested cell consisted of the cathode and a lithium metal anode separated by Celgard microporous membranes to avoid internal short circuit. The electrolyte used was 1 M LiPF 6 ethylene carbonate (EC)-dimethyl carbonate (DMC; 1:2, by volume; Ube Chemicals, Japan) solution. All the assembling of the cell was carried out in an argon-filled dry box.
Results and discussion
The micrographs of pure and modified LiMn 2 O 4 samples are shown in Figure 2 Atomic force microscopy (AFM) was used to characterize samples at the microscope level, with accurate resolution ranging from 100 to <1 μm. It is evident that this surface yields a large degree of surface roughness. The size distribution was broad and the maximum shifted towards an average diameter of 60 nm. It has been known that the particle size influences directly on battery performance; hence, materials generally employed for battery application are >1 μm. To apprehend the high rate capabilities of the cathode, it is necessary to employ active materials with particles in the nanometer range.
The LiFeAu 0.02 Mn 1.98 O 4 (b) sample yields uniform surface roughness. This feature may be attributed to the FeAu coating layer, which attributed to compact surface architecture. Evidently, the particle size distribution has narrowed down and the maximum has shifted towards an average diameter of 40 nm. Based on prior research [21] , it is clear that the smaller the crystallite size, the bigger the specific surface area, hence permitting favourable conditions for improved cycling performance. LiPdAu 0.02 Mn 1.98 O 4 (c) revealed uniform surface roughness, and the particle sizes distribution is narrow with an average maximum diameter of 30 nm. A new phase possessed by LiPtAu 0.02 Mn 1.98 O 4 is evident in (d). The observed changes could be the result of the film volume increase, which is due to the uptake of PtAu onto the LiMn 2 O 4 matrix [22] . AFM characterization confirmed that the PtAu alloy is well adherent to the surface. This agrees with the SEM image showing PtAu particle infusion. The surface feature may be beneficial for more rapid Li + transportation facilitating better high rate performances, including low polarization and better structural stability. . Therefore, the decrease of lattice constant is indicative of an increase in Mn 4+ ion concentration in the spinel [23] . The smaller MnO 6 octahedra suggest a stable MnO 6 framework and lower activation energy, which supports high rate electrochemical cycling [24] . Concomitantly, the coated samples with almost the same structure as LiMn 2 O 4 support easy Li + diffusion during the charge-discharge process. This finding was validated by both solid-state nuclear magnetic resonance (NMR) magic angle spinning (MAS) and cycliability studies. Complementary to XRD, NMR is a useful tool to obtain information on the chemical and structural local environment of the nucleus under observation ( 7 Li). Any relevant structural change will affect the NMR spectrum, such as the change in bonding geometry, bonding distance, or nuclear charge [25] . The NMR spectra of LiMn 2 O 4 and Li(M) 0.02 Mn 1.98 O 4 cathode materials are shown in Figure 5 . At 16 kHz spinning speed, a high-resolution MAS NMR spectrum was obtained. The ) [26] . The lithium moves onto the tetrahedral site due to M x atom propensity for the octahedral sites. ). These results suggest that the samples are pure and structural integrity is maintained. 
Electrochemical analysis
The ability of the metal alloy to enhance LiMn 2 O 4 redox properties has been confirmed. The galvanostatic curve of LiMn 2 O 4 (Figure 6a ) is compared to that of Li(M) 0.02 Mn 1.98 O 4 cathodes (Figure 6b-d [27] . The faster lithium mobility enhances high rate performances [28] . This was corroborated by the high rate cycliability study. The coulombic energy efficiency, which is the fraction of the electrical charge stored during charging that is recoverable during the discharge [29] (1) where I d is the discharging current and I c is the charging current, which are constant in most operations. With the increase in current density, the efficiency decreased to some extent. However, even at a current of 10 C, a maximum efficiency of 99% was obtained, confirming the excellent performance of the Li(M) 0.02 Mn 1.98 O 4 modified cathodes. The losses that reduce coulombic efficiency are primarily due to the loss in charge due to secondary reaction, such as the electrolysis of water or other redox reactions in the battery. The fading rate of LiMn 2 O 4 at 0.1 C was reduced by ~15% by surface modification. At higher C rate, however, the fading rate was less apparent. The improved cycling performance is attributed to the stabilization of the spinel structure by metal cations [30] . An electrochemical impedance study [31] further corroborated the excellent high rate performance of the modified cathode. Figure 8 shows that the total impedance observed for Li(M) The kinetic index (calculated from f Φ ), explained by the time constant (τ), where τ is inversely proportional to the frequency and solution resistance as expressed by Equation (2) content. This means that the spinel phase is stabilized by the surface modification, and the alloy does not block the lithium pathway. Instead, the larger interface area provides more Li + ions for diffusion; therefore, the specific capacity is increased [34, 35] .
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Conclusion
A novel transition metal alloy (FeAu, PdAu, and PtAu), functionalized LiMn 2 O 4 , was successfully synthesized. Excellent reproducibility was obtained when electrodes were cycled at high discharge rates. The Li(M) 0.02 Mn 1.98 O 4 cathode materials were lattice defective and phase pure and exhibited improved rate capabilities and improved electrochemistry compared to the pristine LiMn 2 O 4 . These improvements were attributed to enhanced electronic conductivity, lithium diffusivity due to the reduction in particle size, and structural stability. Microscopic results revealed that the composite cathode materials had well-crystallized particles and more regular morphological structures with narrow size distributions, which effectively accommodated the structural transformations that occur during Li + insertion. Moreover, these materials showed to be uniquely durable and might be used extremely efficient, making it economically viable. The enhancement of the capacity retention and higher electrode coulombic efficiency of the modified materials were significant, especially at high C rate.
